Background: Industrialized nations are currently experiencing an obesity epidemic, the causes of which are not fully known. One possible mechanism of enhanced energy efficiency that has received almost no attention is a reduction in the metabolic cost of homeothermy, which could be achieved by a modest lowering of body core temperature. We evaluated the potential of this obesity-inducing mechanism in a canine model of the metabolic syndrome. Methods: We compared the rectal temperature of lean dogs and obese dogs by (a) conducting cross-sectional measurements in 287 dogs of many breeds varying greatly in body size, (b) conducting longitudinal measurements in individual dogs over 7-10 years and (c) tracking rectal temperature of lean and obese dogs at 3-h intervals for 48 consecutive hours in the laboratory. Results: We found that larger dogs have lower rectal temperatures than smaller dogs and that, for the same body mass, obese dogs have lower rectal temperatures than lean dogs. The results were consistent in the cross-sectional, longitudinal and aroundthe-clock measurements. Conclusion: These findings document an association between obesity and reduced body temperature in dogs and support the hypothesis that obesity in this and other species of homeotherms may result from an increase in metabolic efficiency achieved by a regulated lowering of body temperature.
Introduction
The metabolic syndromeFa disorder generally characterized by obesity, insulin resistance, hyperglycemia, hyperlipidemia and increased risk of cardiovascular diseaseFaffects a large segment of the human population in developed nations. [1] [2] [3] Although overeating and selection of inadequate diets is a contributor to the metabolic syndrome, 4 many other etiological factors are likely to be at play. Landsberg et al. 5 pointed out that discussions of the balance between energy intake and energy expenditure in the control of body weight almost always ignore the major energetic role played by homeothermy. As homeothermy can account for 2/3 or more of energy expenditure in mammals and birds, 6 ,7 a small reduction in body temperature could yield great energy savings, thus favoring energy storage and the consequent development of obesity. In other words, by lowering body temperature, the organism might achieve a state of enhanced metabolic efficiency that could lead to obesity. Thus, a chronic lowering of body temperature might be a causal factor of the metabolic syndrome. 5 There has been surprisingly little research on the possible connection between body core temperature and obesity. Rising et al. 8 found an association of lower body temperatures with lower metabolic rates across individuals, but they were unable to demonstrate the expected association between lower metabolic rates and obesity. 9 Adam 10 found an inverse correlation between core temperature and body mass, but the experimental design of the study did not allow the separation of the mere effect of natural variation in body size from the effect of obesity. Similarly, Gillum 11 found that, in growing-age adolescents, temperature was lower at older ages (and, thus, larger body sizes), but obesity was not specifically addressed. Kim et al. 12 reported a relation between core temperature and body mass index, but their report did not provide detailed numerical results. In none of these few studies was an effort made to go beyond the characterization of a correlation and to investigate potential causal mechanisms.
As controlled experimental studies must be conducted to clarify causal connections, and because such studies are normally very difficult or ethically unfeasible in humans, we felt that it would be valuable to develop a suitable animal model. In this study, we carried out the first steps in characterizing the domestic dog (Canis familiaris) as a model for investigation of the relationship between low body temperature and obesity. Dogs are common laboratory subjects and have been successfully used as models for human social cognition, 13 human aging, 14 human epididymal function, 15 human heart failure 16 and many other processes. Importantly, we have previously shown that body temperature is inversely correlated with body size in lean dogs. 17 Also, pet dogs are currently experiencing an obesity epidemic similar to that experienced by their human owners in industrialized nations. 18 
Materials and methods

Animals
The study involved a veterinary clinic component and a laboratory component, both conducted at the University of Messina's School of Veterinary Medicine. Protocols of animal husbandry and experimentation were reviewed and approved in accordance with the standards recommended by the US National Research Council's Guide for the Care and Use of Laboratory Animals and European Union's Directive 86/609 CEE. For the clinic component of the study, 287 adult dogs (115 of normal weight and 172 obese) of various breeds were recruited by advertisement among university students and local residents for a single outpatient examination at the veterinary clinic. Table 1 shows the number of dogs used for each breed, sex and obese/non-obese status. For determination of obesity, two experienced observers independently assessed every dog with a 9-integer body condition score system, 19 and a final score for each dog was determined by consensus between the scores of the two observers. Dogs with body condition score of 8 or above were considered obese. The canine body condition score system is widely used in veterinary practice. It is based on physical examination, visual observation and palpation, with a score of 1 being assigned to dogs in which ribs, lumbar vertebrae, pelvic bones and all bony prominences are evident from a distance, in which there is no discernible body fat, and in which there is obvious loss of muscle mass. At the other end of the scale, a score of 9 is assigned to dogs in which there are massive fat deposits over thorax, spine and base of tail, in which waist and abdominal tuck is absent, in which fat deposits are evident on neck and limbs, and in which there is obvious abdominal distention. 19 The correlation coefficient between estimates of percent body fat using the body condition score system and dual-energy X-ray absorptiometry is better than 0.95 (Mawby et al. 20 ). In a second part of the clinical component of the study, the clinical records of six lean (Rottweiler, Boxer, Beagle, Dachshund, Shih Tzu and Yorkshire Terrier) and five obese (Rottweiler, Labrador, Beagle, Cocker Spaniel and Dachshund) dogs of various breeds were retrospectively analyzed for 7-10 years.
For the laboratory component of the study, lean and obese dogs of a large breed (lean: Neapolitan Mastiff; obese: Labrador), a medium-sized breed (lean and obese: Boxer) and a small breed (lean: Dachshund; obese: Pinscher) were used. Five females were used in each group. All dogs were housed in individual pens (140 Â 200 cm) lined with wood shavings under a natural photoperiod with 12 h of light and 12 h of darkness each day (300 lux, lights on at 0700 hours). Ambient temperature was 22 ± 2 1C. Relative humidity was 50-65%. Food (Eukanuba, Procter and Gamble, Cincinnati, OH, USA) was provided once a day at 1000 hours. As per the manufacturer's specifications, the diet composition differed slightly for small, medium and large breeds. Water was available ad libitum. Body temperature and obesity G Piccione et al
Additionally, a lean male Rottweiler (large breed), a lean female Boxer (medium breed) and a lean male Dachshund (small breed) were used in a brief experiment to investigate the effect of varying depths of insertion of the rectal probe on the reading of rectal temperature.
Procedures
The body weight of each dog was measured without restraint in a digital balance accurate to 100 g (Gima model BI27258, Milan, Italy). Body core temperature was estimated by the temperature of the rectum, which was measured by means of an electronic thermometer with a flexible rectal probe (Model HI-92740, Hanna Instruments, Bedfordshire, UK). Rectal temperature is a standard measure of body core temperature. 21 In the cross-sectional clinic component of the study, healthy dogs were brought by their owners to the veterinary clinic during weekdays between 1200 and 1430 hours over a period of 5 days. The breed, sex, body mass and rectal temperature of the dog were recorded after a short wait (30-45 min) to eliminate potential confounding effects of previous physical activity. The same wait time and same electronic thermometer were used for all subjects. An equivalent procedure was used in the longitudinal (retrospective) component of the study. The animals, owned by residents of Messina and environs, were evaluated by a veterinarian at least once a year for many years, and body weight and rectal temperature were recorded in each visit, always in the late morning or early afternoon.
In the laboratory component of the study, rectal temperature was recorded at 3-h intervals for 48 consecutive hours with a calibrated electronic thermometer with resolution of 0.1 1C (Model HI-92740, Hanna Instruments).
Both in the laboratory and the clinic component of the study, the depth of insertion of the rectal probe was adjusted to the size of the dog, ranging from 2 cm in the smallest breed (Yorkshire Terrier) to 4 cm in the largest breed (Neapolitan Mastiff). To confirm that these depths were appropriate, a brief experiment was conducted in three lean dogs of a large (Rottweiler), medium (Boxer) and small (Dachshund) breed: on a single day, starting at 1000 hours and lasting less than an hour, rectal temperature was repeatedly measured at different depths from 1 to 6 cm, twice at each depth, in randomized order. A previous study of the anatomy of the rectum of the dog, conducted on a nonspecified breed presumably of medium size, found the length of the rectum, including the anus, to be between 5 and 7 cm. 22 
Data analysis
Comparisons of group means were conducted by t-tests, oneway analysis of variances, or factorial analysis of variances, as appropriate. 23 The correlation between body mass and rectal temperature under various conditions was calculated by the method of the least squares and was tested for statistical significance with a t-test. 24 Effect sizes were computed according to Cohen's protocol. 25 Laboratory measurements of rectal temperature from each dog produced time series consisting of 17 equally spaced data points, which were analyzed by cosinor rhythmometry. 26, 27 Four rhythmic parameters were determined for each time series: mesor (mean level), amplitude (half the range of excursion), acrophase (time of peak) and robustness (strength of rhythmicity computed as the fraction of the variance explained by the cosine model). The cosinor procedure uses an F-test to evaluate whether the amplitude of a cosine wave fitted to the data are significantly 40 (Nelson et al. 26 ). Amplitude not significantly 40 implies absence of rhythmicity.
Results Figure 1 shows 25 Not shown in Figure 1 is the fact that the mean rectal temperature of males did not differ significantly from that of females either in lean dogs (t 113 ¼ 5.155, Figure 2 , obese dogs were heavier and tended to have lower rectal temperatures than lean dogs in every breed. For a closer look at the role of obesity, the rectal temperature of the 172 obese dogs was replotted as a function not of absolute body mass but of excess body mass. The 'percent excess body mass' was calculated by subtraction of each obese dog's body mass from the standard body mass for that breed, followed by division of the result by the standard body mass and multiplication by 100. The standard body mass for each breed was obtained from the Purina Dog Breed Library. 28 As shown in Figure 3a , the correlation between rectal temperature and percent excess body mass is not inverse but direct (r ¼ þ 0.608, Po0.001), so that proportionally more obese dogs have slightly higher rectal temperatures. This apparently contradictory relationship derives from the fact that there is a higher incidence of obesity in small dogs. Figure 3b shows that obesity is much more prevalent and more severe in small breeds than in larger breeds. The longitudinal (retrospective) part of the study involving six lean dogs and five obese dogs observed for 7-10 consecutive years revealed that the main group differences found in the cross-sectional part of the study were persistent. As exemplified in Figure 4a , a small-breed dog (Yorkshire Terrier) had consistently higher rectal temperatures than a medium-breed dog (Boxer). Similarly, Figure 4b shows that an obese female Rottweiler had consistently lower rectal temperatures than a lean female of the same breed and similar age.
To characterize in greater detail the effects of body size and obesity on rectal temperature, we conducted laboratory observations at 3-h intervals for 48 consecutive hours. Figure 5a shows robust daily rhythmicity of rectal temperature in the averaged records of small (Pinscher), mediumsized (Boxer) and large (Labrador) obese dogs. Cosinor rhythmometry confirmed the presence of significant 24-h rhythmicity in all three cases (Po0.0001). The figure also indicates that the breed-effect on rectal temperature (that is, higher temperature in smaller breeds) is retained throughout the day and is not limited to a single time point.
Figure 5b allows a closer view of the difference between a lean and an obese dog of the same breed (Boxer). It can be seen that, although the amplitude and acrophase (time of peak) of the rhythms were similar in the two dogs, the mesor (mean level) was considerably lower in the obese dog than in the lean dog. The mean values for all groups in all rhythmic parameters are presented in Table 2 . Obesity had a significant effect on all four parameters: obese dogs had lower mesor, larger amplitude, delayed acrophase and weaker (less robust) rhythmicity. Body size, independently of obesity, significantly affected only the mesor: larger dogs had lower mesor. There was no significant interaction of obesity and body size on any of the parameters.
As our finding of an inverse correlation between rectal temperature and body size could theoretically be explained by the fact that the rectal probe reaches deeper into the body Figure 2 Relationship between rectal temperature and body mass for lean and obese dogs of four representative breeds.
Body temperature and obesity G Piccione et al core in smaller dogs, we investigated the relationship between temperature and probe depth. The results are shown in Figure 6 . Rectal temperature seems to become asymptotic for measurements between 4 and 5 cm in the Rottweiler and a little more distally in the smaller dogs.
Discussion
Our results indicate not only that larger dogs tend to have lower rectal temperatures than smaller dogs but also that, for the same body mass, obese dogs tend to have lower rectal temperatures than lean dogs. The effect of body size alone had been previously described both in dogs 17 and in humans, 10 although this effect is apparently not observed in various other species. 29 On the other hand, to the best of our knowledge, this is the first report of an association between obesity and reduced body temperature in dogs. In mice, genetically obese (ob/ob) mice have been consistently reported to have lower body temperature than lean mice. [30] [31] [32] [33] [34] [35] Although there have been observations of lower body temperature in genetically obese (fa/fa) rats than in lean rats, 36, 37 several other studies have negated this differentiation in rats. [38] [39] [40] [41] [42] [43] We noticed that obesity is more prevalent in small breeds, which may distort the relationship between rectal temperature and body mass, but we found that obese dogs had lower temperatures than lean dogs (by 0.3 1C, on average) not only in cross-sectional measurements but also in longitudinal (retrospective) measurements conducted over 7-10 years. The mean rectal temperature of males did not differ significantly from that of females, however, in either lean or obese dogs.
Tracking of rectal temperature for 48 consecutive hours in the laboratory confirmed the persistence of the difference in temperature between obese and lean animals. Obesity had a significant effect on all four parameters of the daily rhythm of body temperature: obese dogs exhibited lower mesor (mean level), larger amplitude, delayed acrophase (time of peak) and weaker (less robust) rhythmicity. The lower mesor confirmed and extended the findings of the cross-sectional observations, even if the difference between lean and obese dogs was considerably larger here (0.8 1C) than in the crosssectional component of the study (0.3 1C) . We currently have no explanation for the differences between lean and obese dogs in the other three rhythmic parameters. Weaker rhythmicity implies a lower signal-to-noise ratio, 42 which might affect the computation of amplitude and acrophase, Body temperature and obesity G Piccione et al but there is no a priori reason why the amplitude should be enhanced or the acrophase should be delayed in obese animalsFor, for that matter, why obese dogs should exhibit weaker rhythmicity than lean ones. There is some evidence that disruption of circadian organization may facilitate the development of obesity, [43] [44] [45] and it is possible that the delayed acrophase in obese dogs reflects internal desynchronization of circadian rhythms. Simultaneous recording of many variables in lean and obese dogs might review differences in internal order associated with obesity. Systematic measurements of rectal temperature with different probe depths confirmed that the measurements conducted in the other sections of the study were adequate.
Although the exact relationship between rectal temperature and body size could have come out differently if the rectal probes had been inserted 1 or 2 cm deeper, it is very unlikely that the difference between obese and lean dogs would be affected. As probe depth was the same for all animals of the same breed, measurements in obese dogs would be biased only in the unlikely event that obese dogs should have longer rectums than lean dogs of the same breed.
Our finding of an association between obesity and reduced body temperature in dogs is consistent with the suggestion made by Landsberg et al.
5 that obesity may result from an increase in metabolic efficiency achieved by a regulated lowering of body temperature. That is, a lowering of body temperature may allow the storage of energy that would otherwise have been spent in thermogenic processes necessary for the maintenance of a higher level of body temperature. In this study in dogs, we found a difference of 0.3À0. . The data points in a are the means of five dogs (and error bars denote the standard errors of the means). In both panels, the white and dark horizontal bars above the X-axis indicate the duration of the light and dark phases of the prevailing light-dark cycle. The maximal acceptable probability of a type I error was set to 0.01 for each of the four parameters to ensure a family-wise probability of 0.05 for the four ANOVAs.
Body temperature and obesity G Piccione et al more than a year for the savings of 86 kJ per day to produce sufficient body mass gain to convert an average adult lean Beagle (15 kg) into an average obese Beagle (19 kg). However, canine obesity is largely established during the first year of lifeFwhen body mass is much smaller and specific metabolic rate is much higherF, so that the energetic savings associated with reduced body temperature could have a more rapid effect on the development of obesity during the initial months of life. As our study started after obesity had already developed, we do not know whether the chronic lowering of body temperature preceded or followed the inception of obesity. Therefore, we cannot distinguish the direction of causality in the association between obesity and reduced body temperature. If the lowering of body temperature follows the development of obesity, then it cannot possibly cause it. However, if the lowering of body temperature precedes or accompanies the development of obesity, then the hypothesis of Landsberg et al.
5 might be correct. It is important, therefore, to conduct a prospective longitudinal study that starts at birth and that allows the monitoring of body temperature before the inception of obesity. As it would be unethical to induce dietary obesity in human babies experimentally, dogs would be ideal subjects for this experiment. If it is true that reduced body temperature is a cause of obesity, then individual dogs that eventually develop obesity should exhibit lower body temperature since birth, or at least for several weeks before the excessive weight gain. We are currently preparing to conduct this crucial experiment. We note that, even if the causal connection between reduced body temperature and obesity can be unequivocally demonstrated, it is unlikely that this mechanism of increased metabolic efficiency will be found to be the sole mechanism of excessive weight gain, as experimental support has been provided for several other energy-conservation mechanisms possibly responsible for obesity, including a reduction in non-exercise activity thermogenesis in obesity-prone individuals. 50, 51 
